INTRODUCTION
The introduction of the differential display (DD) technique (1) provided a method to study differential gene expression. DD detects expressed mRNAs by PCR amplification of DNA fragments that represent the 3' end of an mRNA population.
The reproducibility of the original DD technique has been low and thus many of the initially identified genetags were false positives (2) (3) (4) . Several papers, including those from the original authors (2) , have suggested improvements for DD. Adjustments have been made in the design ofthe primers (2, (5) (6) (7) (8) , in the choice of reagents (6, (8) (9) (10) and improvements have also been reported in the processing and analysis of the bands (1 1-13).
While initiating a senescent gene expression research project, we designed improvements in DD to enhance its reproducibility. Our strategy was to introduce a two step PCR amplification, in which the first four PCR cycles are done at low annealing temperatures, while efficient amplification is carried out in subsequent PCR cycles at high annealing temperatures. Moreover, we have simplified the subsequent cloning and sequencing of bands.
Using longer primers and this two-step PCR protocol, we demonstrate a reproducible DD technique that we call enhanced differential display (EDD). Several characteristics EDD are analyzed in this paper and EDD is used to catalogue differences between young and senescent human diploid fibroblasts (HDFs).
The in vitro culture of normal HDFs has long served as a model system for studying replicative senescence (14) . Human diploid fibroblasts, like other normal somatic cells, have a finite replicative capacity (15, 16) . The ex vivo proliferative potential of HDFs is inversely related to the age of the donor (17) (18) (19) supporting the notion that replicative senescence is a genetically determined series of changes exhibited by normal cells that culminates in exit from the cell cycle. Senescent cells change their pattem of gene expression and exhibit an altered phenotype (20) (21) (22) (23) (24) (25) (26) (27) . However, most senescent cells remain viable and are metabolically active (28, 29) . This altered gene expression in replicative senescent cells may play a role in the pathogenesis of age-related disease (25,30,3 1) .
A number of genes that are differentially expressed during senescence have been reported in the literature (21, 25, 27, 28) . However, these studies have used different cell types and growth conditions. It was therefore not feasible to derive a catalog of genes with altered expression during senescence from such studies that reflected one standard growth condition. Moreover, subtractive hybridization techniques (26, 32) suggest that many differentially regulated genes in replicative senescence have not yet been identified. Thus, we expected that many novel genes might be identified by developing a comprehensive EDD catalog of genes expressed differentially in young and replicative senescent cells under standard growth conditions. Our catalog demonstrates the value of EDD by identifying 12 known genes and 11 novel genetags that are differentially regulated during replicative senescence.
MATERIALS AND METHODS
Cell culture and RNA preparation Human fibroblasts strains, derived from neonatal foreskin (BJ) and fetal lung (IMR90), were a kind gift from Dr Jerry Shay (University of Texas, Southwestern Medical Center at Dallas, TX). Fibroblasts were split prior to confluency according to standard tissue culture techniques. Cells were grown in DMEM medium plus 10% Bovine Calf Serum (BCS). The last split before RNA isolation was 1-8 for young cells and 1-2 for senescent cells, after which two protocols were followed: (i) cells were grown at 37°C in DMEM medium plus 10% BCS for 2 days; then RNA was isolated (see below); (ii) to induced quiescence, cells were first seeded in DMEM medium plus 10% BCS to allow attachment (4-8 h). The medium was then replaced with DMEM medium plus 0.5% BCS and the cells were grown for 3 days at 37°C. The medium was changed with fresh DMEM medium plus 0.5% BCS and the cells were grown for an additional 2 days at 37°C, after which RNA was isolated.
For RNA isolation, cells were quickly washed once with PBS and then collected in GITC solution [4 M guanidine isothiocyanate, 25 mM sodium acetate (pH 6) and 0.83% beta-mercaptoethanol]. Following a standard protocol (33), 7 ml of the lysis solution were layered on a CsCl cushion (5.7 M in 25 mM sodium acetate, pH 6) and then centrifuged at 32 000 r.p.m. for 20 h at 20'C in a SW41 rotor. After carefully removing the supernatant, the RNA pellets were resuspended in diethylpyrocarbamatetreated deionized H20 (DEPC-water), then precipitated by adding 1/10 vol of 3 M sodium acetate, pH 6 (filter-sterilized, made with DEPC-water) and 2.5 vol of cold 100% ethanol. The precipitate was collected by centrifugation and the RNA pellet was dissolved in DEPC treated H20 and stored at -70°C.
Primers
The primers used in this study are listed in Table 1 . Arbitrary primers were designed to have a GC content of 50% and were inspected for the absence ofobvious hairpin structures. Some ofthe 3' sequence parts of the primers (10, 14, (34) (35) (36) (37) (38) were derived form the sequences listed by Bauer et al. (5) , who used similar criteria for primer design.
Synthesis of first-strand cDNA
One microgram of total RNA was mixed with 2.5 gl of 20 iM 3'-primer and 9.5 ,l of DEPC-H20. The Removing differentially displayed bands The film and gel were lined up by three asymmetric needle holes. Bands were marked, excised from the gel and placed into a 1.5 ml tube with 1 ml of TE buffer. After 15 min the paper and TE were removed and 1 ml of (TE + 100 mM NaCl) was added to the polyacrylamide slice. The Direct PCR sequencing differentially displayed bands Amplified bands were separated from the primers on a low melting agarose gel and the bands were excised. Each gel slice was washed twice with TE, melted at 60°C and 5 gl were taken for direct sequencing using the PCR cyclist kit (Stratagene) with the appropriate 5' primer that was used to generate the band. Typically, 30-40 bases of unambiguous DNA sequence could be read and were compared to the Genbank and EMBL databases (BLAST network service NCBI).
Cloning differentially-displayed bands
The PCR-amplified bands were digested with HindIll and then run on a 2% low melting agarose gel. The band was excised, then melted at 65°C. Ligation reactions were performed using 2 pl of DNA in melted agarose and 1 gl of phosphatase-treated, HindIII-digested pBluescript (Stratagene; -0.2,g/ml), 2 gl of 10 mM ATP, 2 gl of 10 x One Phor-All buffer (Pharmacia), 12 pl of dH2O and 1 l ofT4 DNA ligase (Pharmacia) in a total volume of 20 pl. The reaction was incubated at 37'C for 2-3 h and then used to transform competent Escherichia coli DH5a (BRL). Transformants were analyzed by sequencing and plasmid DNA was prepared using standard plasmid preparation techniques (39) .
Northern and Southern blot analysis
Northern and Southern blot analysis was performed according to standard procedures (39) . Nucleic acids were transferred to charged nylon membranes, then cross-linked using a UV Stratalinker (Stratagene). Probes for novel gene tags were prepared by restriction digestion of the appropriate plasmid with HindlIl followed by isolation of the insert band on low-melting agarose and then radioactive labeling of the DNA using the random hexamer-primed method (40) . Following hybridization to the probe, the filter blot was washed twice in lx SSC and 0.5% SDS at 65°C for 30 min. The blots were then exposed and analyzed using a Phosphorlmager 425E (Molecular Dynamics).
Probes for known genes are prepared by kinase end labeling of 40mer oligos that were designed to be complementary to the 5' coding region of the message. The following probes were used in this study: 80K-L protein, human, GenBank accession number (GBAN) (41 C) for only the initial few PCR cycles. Under these conditions, the primers would behave in a similar way to the short 10 nucleotide primers of the original DD technique; they serve to prime synthesis from sequences that are complementary to the 3' end of the primer. For the remaining PCR cycles, the annealing temperature was raised during which the longer length of the primers would allow for efficient replication of products made in the initial cycles. The result was a significant improvement in the reproducibility of banding patterns, since now the majority of the PCR was performed under stringent conditions. A range of temperature profiles and cycle numbers was sampled and the final protocol used in this study consists of four initial cycles with a 41°C annealing step followed by 18 cycles with an annealing temperature of 60°C (see Materials and Methods). The longer primers also allow direct PCR sequencing of a PCR band after amplification and gel purification, while the presence of a restriction site, HindlIl, facilitates rapid cloning. Others have also reported improvements in DD using altered primer design, cycle temperatures and cycle conditions (8) .
Three typical results of such EDD reactions are shown in Figure  1 , in which six samples of HDFs in various growth conditions are compared using three primer sets. Experiments with the same primer sets have been repeated several times, with similar results. Although the two strains of fibroblasts were derived from different tissues, the expression patterns for both strains are remarkably similar. We have observed bands that are specific for BJ or IMR90, irrespective of replicative senescence, occurring with a frequency of -2% (one band per primer set).
Specificity of 5' primer in EDD
After a number of experiments with EDD, sufficient data was obtained to permit detailed analysis of primer annealing. One major question was the number of bases required at the 3' end of the arbitrary primer in determining specificity. bands reflects the efficiency ofthe primer set. Analysis of the data indicates that the efficiency ofa primer set was mostly determined by the 3' T-rich primer and not by the 5' primers. The efficiency ofthe 3' primers was analyzed by collecting data for each 3' primer combined with all twenty 5' primers, resulting in 240 total combinations. Each primer combination was used with RNA from 8 to 11 different fibroblast samples. We found that the number of distinctive bands displayed was dependent on the selected primer pair. A subjective interpretation of the efficiency of the display was made for all 20 arbitrary primers paired with a particular 3' primer ( Table 2 ). The number of identified differential displayed bands for each 3' primer was also determined ( Table 2) . catalog (see below) and other experiments we collected 34 genes with known sequences. The site for the arbitrary primer annealing was determined by matching gene sequences with primer sequences and band size. The complementarity for the eight bases at the 3' end were determined. Matches with the gene sequence for bases 9-21 (3'-5') in the primer were highly variable and were not considered to contribute to the initial annealing of the primer. Figure 2 summarizes the mismatches in the 3' most eight bases for 34 genes. Clearly, mismatches in the last eight bases were permitted and in some cases more than one mismatch was found. Mismatches occur more frequently toward the 5' end of the primer, as expected. Overall, the data in Figure 2 suggests that a 7 out of 8 match is the typical behavior of a 5' primer in EDD. Variations in efficiency of anchored 3 As has been noted before (12), the efficiency varies based on the last two 3' bases of the T-rich primer. As seen in Table 2 , primers that were judged to work well in EDD generate overall more differentially displayed genetags. The data presented here and the data from others ( 12) are in general agreement, although some differences are seen. While primers ending with CA and GT worked more efficiently in our study, primers ending with AC and AG were more efficient in the earlier study (12 The dinucleotide CA has been identified as the most common dinucleotide to which poly-A is added during polyadenylation (42) . This fact implies that 3' primers having a G residue following the poly-T stretch should generate more cDNA bands than other primers. The data from Table 2 show that 119 bands (24 GT, 28 GG, 25 GA and 42 GC) out of 216 (55%) are generated by such primers, in agreement with the previously observed frequency of 59% (42) .
The use of EDD in generating a catalog
The estimated number of different mRNAs in a typical eukaryotic cell range from 10 000 to 20 000, with most of the messages expressed at low levels (41, 43 ). An average EDD gel in our practice displays -50 bands in the size range of 100-400 bases. Thus, using 165 interpretable primer combinations, -8000 EDD bands can be displayed. By increasing the length of a sequencing gel it is possible to increase the number of distinct bands to 150-250 per gel (38) , which would increase the total number of bands to 24 000-40 000.
An alternative calculation to determine how the number of primer combinations required to catalog most of the expressed mRNA is based on the finding that, on average, seven of eight bases determines the specificity ofthe arbitrary primer (see above). For the following calculations, it is assumed that the position of a single mismatch is irrelevant, nor is the occurrence of a perfect match (eight out of eight) included in the calculation. The chance for an 8mer to find a seven out of eight match is [(1/4)7 (matches) x 3/4 (mismatch)] x 8 (positions) = 1/2731. So the chance to detect a match in a region of 300 bases is 300 x 1/2731 = 11%. Therefore the chance of not detecting a particular sequence in 300 base region with one 5' primer is 89%. With 20 primers, the chance of detecting a sequence will then be 1-(0.89)20 = 90%. For a 200 base stretch this percentage will be 78%. Therefore, using 20 5' primers in a cataloging experiment appears sufficient to detect most mRNAs in a population, especially ifit is considered that EDD most likely will not detect rare sequences.
A catalog for young and senescent fibroblasts Six fibroblast RNA samples were used to generate our EDD catalog, using all 240 primer combinations described above. These six samples were young and senescent human foreskin fibroblasts (BJ) grown in 0.5% serum for 5 days after passaging and young and senescent human lung fibroblasts (IMR90) grown in 0.5% serum as above or grown in 10% serum for 2 days after passaging. The 0.5% serum conditions are considered quiescent conditions, in which young fibroblasts do not reach confluence. The number of dividing cells is low in these populations as measured by BrdU incorporation or CyclinB staining (generally below 5%, data not shown). The 10% serum conditions are considered mitotic conditions, in which the young fibroblasts have not reached confluency and are actively dividing, as judged by BrdU incorporation or CyclinB staining (data not shown).
After initial inspection of the EDD gels, 168 bands were identified as being differentially displayed. The differential display of four bands is illustrated in Figure 3 . Each band was extracted from the acrylamide gel and re-amplified using the same primers (see Materials and Methods). The resulting fragments were separated from the primers on a low melting agarose gel (see Materials and Methods) which also allowed for a verification ofthe size of the re-amplified band. The band was excised from the gel and the DNA in the gel slice was used directly for DNA sequencing (see Materials and Methods). For 84 bands (50% of total), -30-40 bases of sequence could be determined accurately without further manipulation. DNA sequence from the remainder suggested that most bands appeared to consist of a mix of more than one specific DNA sequence. This problem has been observed before although it was interpreted as being due to the presence of two primers in the sequencing reaction (35) . The data from this study indicate that even after primer removal, -50% of the bands could not be sequenced directly. Therefore, contamination of identified differential displayed bands with other sequences can be a problem in using the DD technique. Direct DNA sequencing and data base analysis identified both known genes and novel genetags, while many EDD bands await cloning and sequence analysis (EDD bands). Sequence analysis revealed that about half of the differentially displayed bands, such as those in Figure 3 , are identical to known genes and several genetags appear to derive from the same mRNA. Due to the arbitrary selection of the 5' primers, it is expected that some mRNAs will be identified more than once in a screen that covers between 50 and 90% of all mRNAs. A summary of the identified genetags for each cell strain is given in Table 3 . Some of these genetags are specific for a growth condition, while others are differentially expressed independent of the growth conditions. Several known genes were identified more than once. The collagen type 3, pro alpha 1 chain, gene product was identified 14 times as a relatively short band (120-140 bases), identified with several independent 5' primers and several different 3' primers. One band was derived from a poly-A stretch located -700 bases from the 3' end of the mRNA. A favorable choice of primer pairs combined with the high abundance of this message, accounts for the repeated detection of this message. In some cases, a gene was identified with the same 5' primer in combination with different 3' T-rich primers (not shown). This demonstrates that the two anchored bases in the 3' primer do not confer absolute specificity as has been observed previously (1).
Although the gene expression pattern in the two HDF strains is very similar (Fig. 1 ), some differences were observed when comparing senescent IMR90 and BJ fibroblasts ( Verification of differential expression Genetags that could be readily sequenced were used for further analysis of the data generated by EDD. Oligonucleotide probes for Northern analysis were designed that were complementary to many of the known genes listed in Table 3 (see Materials and  Methods) . While no probes were generated for the EST sequences, five probes were prepared for genes that were previously characterized as being differentially regulated in young and senescent cells [PAI-1 (44) , elastin (45), EPC-1 (46), collagenase (47) and urokinase type plasminogen activator (48) ; see Fig. 4B ]. RNA was prepared from both young and senescent IMR90 and BJ fibroblasts, grown in either 0.5 or 10% FBS. These eight RNA samples allow a comprehensive analysis of the expression of genetags identified by EDD. Northern analysis of previously characterized genes with altered expression in young or senescent cells was performed for all five genes and the reported differential expression was confirmed (Fig. 4B) . Of the 21 known genes identified by EDD (not including ESTs), Northern analysis confirmed differential expression for 12 genetags (see Fig. 4C ), including the four differentially displayed bands from Figure 3 , while seven genetags failed to show the predicted differences (data not shown). The hybridization pattern of one probe was non-specific and one gene (mitochodrial RNA) was not analyzed.
Of the 37 novel genetags ( (21, 25, 28, 31) and five were selected to demonstrate their differential expression in the IMR90 and BJ fibroblasts used in this study (see Fig. 4 found previously to be up-regulated during senescence and quiescence (34, 55, 56) . A role has been suggested for interferon gamma (IFN y) in the regulation of senescent-specific gene expression in fibroblasts (57) . IFN y increases expression of collagenase and fibronectin and reduces the mitogenic action of growth factors (57) . These alterations in expression are very similar to changes in gene expression seen during replicative senescence, which suggests a role for IFN y in the senescent phenotype (57) . Our finding that IFN y is expressed in senescent foreskin fibroblasts (Fig. 4) correlates well with this proposed role for IFN y. Other factors that may be involved in altered growth and mitotic regulation were found in this study (Fig. 4) , including human tissue factor (58) , cell adhesion molecule CD44 (59) and heregulin (60) . Heregulin was identified as a specific activator of p I 85erbB2 and may represent its natural ligand (60) The heregulin probe used in this study detected three transcripts, of 6.5, 2.5 and 1.8 kb, as has been described previously (60) . The differential expression is most pronounced for the 2.5 kb transcript (Fig. 4) , but the nature of each the three different transcripts is not yet clear (60) . Aldehyde dehydrogenase 1 (61), the calmodulin binding protein 80K-L, a substrate for protein kinase C (62) and laminin A (63) are down-regulated during replicative senescence (Fig. 4 ).
Reduced expression of these genes may contribute to the senescent phenotype, although our current understanding of their roles is not clear.
Several known genes, such as those shown in Figure 4B , clearly show altered expression patterns by Northern blot analysis, yet were not identified by EDD. Some of these sequences may be present in the 84 bands that could not be sequenced directly. Cloning and subsequent analysis of these bands will likely identify additional novel and known sequences and will generate a more comprehensive catalog of senescence-related genetags.
For several genetags identified by EDD, we were unable to confirm the suggested differential expression by Northern blot analysis (compare Table 3 and Fig. 4) . Two of these genes, tPA and TIMP-2, have previously been described as being up-regulated in senescent cells (21, 64) , similar to our observations with EDD ( The initial catalog of 28 differentially expressed genes, verified by Northern analysis in two strains, is the most comprehensive to date for senescent cells. This catalog will be enlarged by the ongoing study of the genetags that could not be sequenced directly and will provide a solid basis for the further study of the senescent phenotype. A better understanding of replicative senescence in turn should lead to novel insights into the role that replicative senescence may play during the aging of an organism (28, 31) .
